Ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco) activase, a soluble chloroplast protein which promotes light-dependent rubisco activation, was partialy purified from spinach chloroplasts by ion-exchange and gel-filtration fast protein liquid chromatography. The protein could also be isolated using rate zonal centrifugation in sucrose gradients followed by conventional ion-exchange on DEAE-cellulose. The active enzyme was composed of 44 and 41 kilodalton subunits. Antibodies to the activase polypeptides were produced in tumor-induced mouse ascites fluid and used as probes for activase on immunoblots of soluble proteins from a number of species. One or both of the activase polypeptides were recognized in all higher plant species examined including Arabidopsis tiwliaWa, soybean, kidney bean, pea, tobacco, maize, oat, barley, celery, tomato, pigweed, purslane, dandelion, sorghum, and crabgrass. The polypeptides were not present in a mutant of Arabidopsis which is incapable of activating rubisco in vivo. The activase polypeptides were also detected in cell extracts of the green alga Chlamydomonas reinhardii. Activase activity, which had been demonstrated previously in wild-type Arabidopsis and in spinach, was measured in protoplast extracts of Nicotiana rustica. The results suggest that control of rubisco by activase may be an ubiquitous form of regulation in eucaryotic photosynthetic organisms.
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The activities of several enzymes catalyzing reactions of photosynthetic carbon assimilation are modulated by light (4, 5) . These enzymes are activated upon illumination by specific lightdependent regulatory proteins, a Fd-thioredoxin system for many Calvin cycle enzymes (4) and a 90 kD regulatory protein for pyruvate, Pi dikinase (5) . In contrast to these protein-mediated systems, light-activation of rubisco' has been generally regarded as an uncatalyzed process occurring spontaneously in response to changes in stromal pH, Mg2", and the concentration ofcertain, as yet unidentified, effectors (12) . However, major discrepancies exist between the requirements for activation of the isolated enzyme and those of the enzyme in vivo (12, 13, 19, 20, 23) .
The isolation of an Arabidopsis mutant unable to activate rubisco in vivo (24) provided genetic evidence for the involvement of a specific heritable factor in the activation mechanism. Electrophoretic analysis of chloroplast proteins in mutant and wild-type Arabidopsis demonstrated that two polypeptides, possibly subunits of a single protein, were missing in the mutant ( 17) . Direct evidence for the involvement of these polypeptides in rubisco activation was first provided by genetic analysis which ' Abbreviations: RuBP, ribulose 1,5-bisphosphate; rubisco, ribulose-1,5-bisphosphate carboxylase/oxygenase; FPLC, fast protein liquid chromatography; TBST, tris-buffered saline containing 0.02% Tween-20; IEF, isoelectric focusing. demonstrated that these polypeptides cosegregated with the ability to activate rubisco in vivo (17) . Biochemical evidence for this activity was obtained using a reconstituted light-activation assay in which soluble chloroplast extracts from spinach and wild type Arabidopsis catalyzed light-dependent activation ofpurified spinach rubisco (15, 17) . No activation was observed with extracts from the Arabidopsis mutant (17) . Based on these data we proposed that rubisco activation in vivo requires a unique lightdependent regulatory protein, rubisco activase (15, 17) . In this study, we report a procedure for purification of rubisco activase from spinach chloroplasts. Also, activase antibodies were prepared and used as probes for the presence ofthe activase subunits in crude extracts from several plant species.
MATERIALS AND METHODS Chemicals. Electrophoresis chemicals and the dye concentrate used for determinating protein concentration were from BioRad.2 NaH'4CO3 was obtained from New England Nuclear. 125I protein-A was generously provided by M. J. Lacy and E. W. Voss. Other reagents were from Sigma. RuBP was prepared enzymatically from ribose 5-P as described (9) and contained small quantities of adenine nucleotides. The preparation was gassed with N2 and stored in small aliquots either at -40°C (short-term) or in liquid N2 (long-term).
Plant Material. Arabidopsis thaliana L. 'Columbia' wild-type and mutant rca strains were grown at 1% CO2 (19) . Spinach (Spinacia oleracea L.) and Nicotiana rustica L. were grown hydroponically (15) . Soybean (Glycine max L.), kidney bean (Phaseolus vulgaris L.), celery (Apium graveolens L.), pea (Pisum sativum L.), and corn (Zea mays L.), were grown on a soil-peat mixture in a growth chamber on a 14 h photoperiod (30°C light/ 20°C dark). Tobacco (Nicotiana tabacum L.), oat (Avena sativa L.), barley (Hordeum vulgare L.), and tomato (Lycopersion esculeantum L.) were grown on a soil-peat mixture in a greenhouse. Smooth pigweed (Amaranthus hybridus L.), common purslane (Portulaca oleracea L.), common dandelion (Taraxacum officinale Weber), grain sorghum (Sorghum bicolor (L.) Moench), and large crabgrass (Digitaria sanguinalis (L.) Scop.) were collected locally. Chlamydomonas reinhardii was cultured on acetate medium (16) .
Purification of Rubisco. All procedures were performed at 4°C.
Intact chloroplasts prepared from spinach were used as starting material for the isolation of rubisco and rubisco activase. Details of the procedures for the isolation of rubisco are described elsewhere (18) . Briefly, chloroplasts (2-3 mg Chl/ml) were lysed by dilution and the extracts freed ofthylakoids by centrifugation. The (18) . The peak fraction (0.5-1.0 ml) was collected and desalted on a 0.7 x 30 cm column of Sephadex G-50-80, equilibrated with 50 mm Tricine-NaOH (pH 8.0), containing 4 mM 2-mercaptoethanol. Rubisco prepared by this procedure was 93% pure as judged by SDS-PAGE and had an A ratio (280 nm/260 nm) greater than 1.95 (18) .
Purification of Rubisco Activase. The initial steps in the purification of rubisco activase were identical to those described above for rubisco. For each preparation of activase, 5 to 7 ml of chloroplasts (2.3-3.5 mg Chl/ml) were typically used as starting material to generate sufficient soluble protein (100-180 mg) for 4 to 8 separate injections on the FPLC ion-exchange column. Following injection, 0.5 ml fractions were collected and assayed for rubisco activase activity as described below. The two or three fractions containing the activase peak were pooled and concentrated under N2 on an Amicon YM-30 ultrafiltration membrane in a 10 ml stir cell. The concentrate (1.0 ml) was diluted with 5 ml of 50 mm Tricine-NaOH (pH 8.0), containing 1 mM 2-mercaptoethanol and reconcentrated. The preparation was injected in 0.2 ml aliquots on a 1.0 x 30 cm Pharmacia Superose-12 (gel filtration) column equilibrated with 100 mM TricineNaOH (pH 8.0) containing 2-mercaptoethanol. Separation was performed at a flow rate of 0.3 ml/min. Fractions (0.5 ml) were collected and assayed for rubisco activase activity. Substitution of 2 mm DTT for 2-mercaptoethanol had no effect on recovery of activity.
Rubisco activase was also partially purified by a combination of rate zonal centrifugation and low-pressure ion-exchange chromatography on DEAE-cellulose. Chloroplasts (12. 7 mg Chl in 3.5 ml) were lysed into 35 ml of 5 mm Tricine-NaOH (pH 8.0) containing 4 mm 2-mercaptoethanol, centrifuged, and the soluble extract concentrated 2-fold on an Amicon YM-30 ultrafiltration membrane. The concentrate was divided and fractionated on eight sucrose density gradients (17) . The upper portions of each of the gradients (<17S) were combined, washed, and concentrated to 5.0 ml under N2 on an Amicon YM-30 ultrafiltration membrane. A 3.8 ml aliquot of the concentrated extract was loaded onto a 0.7 x 15.0 cm DEAE-cellulose column equilibrated with 50 mM Tricine-NaOH (pH 8.0) containing 5 mm 2-mercaptoethanol (buffer B). The column was eluted with 15 ml of buffer B followed by a 180 ml linear gradient of 0 to 0.3 M KCI in buffer B at a flow rate of 10 ml/h. Ten to 15 ml fractions were collected, concentrated 10-fold on a Centricon-30 microconcentrator (Amicon) and an aliquot was assayed for rubisco activase activity as described below.
Preparation of Washed Thylakoid Membranes. Thylakoid membranes were prepared by 10-fold dilution of intact chloroplast preparations into 50 mm Tricine-NaOH (pH 8.0), and 4 mM 2-mercaptoethanol for 5 min. Membranes were collected by centrifugation and washed once with the same buffer.
Assay of Rubisco Activase Activity. Rubisco activase was assayed by measuring the light-dependent increase in rubisco specific activity in a reconstituted chloroplast system (15, 17) . Activities of rubisco in the light using the activase preparations reported here were routinely two-fold higher than the endogenous activity of rubisco measured in the dark or in the absence of activase. Incubation mixtures were prepared in darkness by adding, in order, 24 umol Tricine-NaOH (pH 8.0), 70 anhydrase was added to the assay to ensure that the free CO2 concentration in solution was in equilibrium with that of the flushing gas. The mixtures were kept in darkness for 6 min, followed by 12 min illumination with 500 Mmol photons/m2_s white light or 13 min of darkness. To measure rubisco activation state, aliquots (50 ,l) were added to 450 Al of an assay mixture containing 11 mm NaH'4C03 (1.5,MCi`4C/Mmol), 11 mM MgC12, 0.44 mM RuBP, and 110 mM Tricine-NaOH (pH 8.0). After 30 s the reactions were stopped with 100 ,l 1 N HCI/4 N HCOOH. After drying, 14C incorporation was determined by scintillation spectroscopy. Rubisco activase activity was expressed as the difference in the activation state of rubisco between the light and the dark due to the addition of rubisco activase.
Preparation and Assay of Tobacco Protoplast for Activase Activity. Young leaves from four week old Nicotiana rustica plants were used to prepare protoplasts. Leaves were harvested in the light, and protoplasts were obtained from leaves stripped of their lower epidermis according to the method of Somerville et al. (25) . In order to reduce the level of dark rubisco inhibitor present in tobacco (22) , the entire digestion procedure was performed in the light (200-350 Mmol photons/mr2. s) at 25°C in media supplemented with 0.1 % BSA and 0.2 mM EDTA. Protoplasts were collected on ice, washed (25) and resuspended at 4°C in 0.5 M sorbitol containing 10 mm Mes (pH 6.1), 1 mM CaCl2, and 1 mm DTT. Rubisco activase was assayed by lysing 60 MI of protoplasts (1.5 mg Chl/ml) in 200 Ml of CO2 and Mg2+-free 100 mM Tricine-NaOH, pH 8.0, containing 5 mM DTT and 0.5% ascorbate in the dark for 5 min at 25°C under a C02-free stream of 2% 02, balance N2, with vigorous stirring. After 5 min, RuBP (6 mM), MgCl2 (8 mM), catalase (7500 units), methyl viologen (100 AM) and NaHCO3 (0.8 mM) were added in the order given and the gas stream was supplemented with 298 Ml C02/L. The reaction mixtures were split, incubated in the dark for 2 min and then either illuminated or kept dark. After 3 min 50 Ml was removed for determination of rubisco activity.
Preparation of Spinach Rubisco Activase Antibodies. Rubisco activase polyclonal antibodies were obtained from mouse ascites fluid (10) . BALB/c mice, 8 to 12 weeks of age, were primed by injecting the peritoneal cavity with 0.5 ml pristane 4 weeks prior to immunization. Activase , purified as in Figure 2 , lane 3, was mixed 1:1 with Freund's complete adjuvant and 0.3 ml was injected into each mouse. After 2 weeks, mice were reimmunized and 3 d later were injected with 106 Sp2/0-Agl4 cells. After 1 week, ascites fluid was collected and clarified by centrifugation at 13,000g for 20 min, diluted 50% with TBST, and either used immediately or stored at -70°C in small aliquots containing 50% glycerol.
Reverse Affinity Purification and Immunoblotting. The clarified ascites fluid in TBST was purified by two passes over a rubisco-linked affinity column. This column was prepared by coupling 11.8 mg of rubisco purified from spinach chloroplasts by sucrose density centrifugation to 2.5 g cyanogen bromide activated Sepharose 4B in 20 mm borate (pH 8.0) containing 0.1 M NaCl. The coupling reaction was quenched in 0.2 M glycine and the columns (0.1 ml) were equilibrated with TBST prior to separation. Alternatively, rubisco was coupled to Affi-Gel 10 (Bio-Rad) by incubating 1 ml gel with 10 mg FPLC-purified rubisco (18) in 100 mm NaHCO3 (pH 8.0) at 4°C. After passage through the column, the ascites fluid was used to probe nitrocellulose blots of SDS-PAGE gels. A 400 (Fig. 1A) . Using this procedure, activase activity eluted in a single peak with 0.17 M KCl. When the peak fractions from this column were applied to a gelfiltration FPLC column and fractionated, activase activity was detected in a single peak corresponding to an apparent molecular mass of approximately 200 kD (Fig. 1B) . A summary of the procedure is given in Table I . The preparation purified through the two FPLC steps exhibited a 60-fold increase in activase (Fig. 1); Analysis of the final preparation by SDS-PAGE identified two major polypeptides at 44 and 41 (Fig. 2) . In some preparations, three additional bands were present at 55, 29, and 14 The 55 and 14 polypeptides were identified immunochemically as the large and small subunits of rubisco (see below). The major bands in the preparation, at 44 and 41 U), corresponded in molecular mass to the missing polypeptides in the Arabidopsis mutant (1 7) which were presumed to be the activase subunits. These polypeptides varied in their relative staining intensities from preparation to preparation. The 44 and 41 polypeptides comigrated on a native PAGE gel and were separated from the 29 polypeptide. Attempts to obtain an activase preparation completely fr-ee of the 29 polypeptide by column chromatography were unsuccessful. However, when the final activase preparation was subjected to either chromatofocusing or cibracon blue affinity chromatography, the 29 U~a polypeptide could be isolated under conditions where the presumptive activase subunits were not recovered. No activase activity was associated with the 29 kD polypeptide or recovered in other fractions from these columns.
RUBISCO ACTIVASE PURIFICATION AND SPECIES DISTRIBUTION
The subunit size of the major contaminating polypeptide and the molecular mass of the holoenzyme (G200 kD from Fig. IB) were reminiscent ofthe physical properties ofcarbonic anhydrase (14) . Using published procedures (14) , carbonic anhydrase was purified from spinach leaves through the ammonium sulfate step and then subjected to the ion-exchange FPLC separation used for activase. Carbonic anhydrase activity coeluted with the 29 kD polypeptide in the activase region of the chromatogram. Thus the 29 kD polypeptide was tentatively identified as carbonic anhydrase on the basis of subunit and holoenzyme size, copurification with carbonic anhydrase activity, and localization within the chloroplast.
Preparation of Antibodies. Antibodies produced from the activase preparation were analyzed by probing nitrocellulose replicates ofcrude leafextracts ofwild-type Arabidopsis and spinach separated by SDS-PAGE. Two polypeptides were readily visible on an immunoblot of a wild-type Arabidopsis leaf extract (Fig.   3 ). Anti-rubisco antibodies were not removed from the antibody preparation to indicate that equal amounts of protein were loaded in both lanes. The 29 UD polypeptide was detectable on nitrocellulose blots only after long exposures, indicating that this 29 kD polypeptide, which is relatively abundant in crude chloroplast extracts, was a minor contaminant in the purified activase preparation. Antibodies were also produced against the 55 (Fig. 3) .
The purified antibody preparation was used to probe western blots of polypeptides from leaf extracts of the Arabidopsis wildtype and rca mutant, separated by two-dimensional electrophoresis (IEF x SDS-PAGE) (Fig. 4) . The two-dimensional profiles of "S-labeled polypeptides from leaves of mutant and wild-type plants were included in Figure 4 for comparison. In both the protein gel and the immunoblot, two polypeptides were missing in the mutant extracts. These polypeptides mapped to the same location in two-dimensions, indicating that their mol wt and pI were identical. Previously, genetic analysis showed that the larger polypeptide cosegregated with the capability for in vivo rubisco activation (17) . Thus, antibodies prepared against a spinach activase preparation recognized the same two polypeptides in wild-type Arabidopsis that were missing in the rca mutant.
Species Survey. Using the purified activase antibody, western blots of leaf extracts from several higher plant species separated by SDS-PAGE were probed for the presence of the activase subunits (Fig. 5) . Two polypeptides similar in mol wt to those of spinach and Arabidopsis were detected in leafextracts ofsoybean, kidney bean, pea, tobacco, maize, oat, barley, and celery. The two cross-reacting polypeptides were also found in extracts of pigweed, purslane, dandelion, sorghum and crabgrass (data not shown). The faint, lower mol wt bands in several species seem to be due to proteolysis of one or both of the polypeptides, as the amount of these bands increased if the extract was stored prior to SDS treatment (not shown). These lower mol wt bands can also be seen in Figure 2 . A crude extract of the green alga Chlamydomnas reinhardii was also probed for the activase subunits. Two (Fig. 5) .
Activase Activity in Tobacco Protoplasts. Activase activity has been demonstrated in wild-type Arabidopsis and in spinach.
Since these species do not exhibit the dark inhibition of rubisco total activity, observed in several other plants (3, 11, 28) , we examined a third species, Nicotiana rustic, which does make this inhibitor (22) . After lysing protoplasts from tobacco under inactivating conditions, rubisco activity was 8 ,mol C02/min after 2 min in the dark and 24 ,umol C02/min after 3 min of illumination, a 3.0-fold light activation of rubisco. No light activation occurred when RuBP was omitted from the first stage of the assay. DISCUSSION Based on genetic evidence with the Arabidopsis rca mutant and the reconstitution of rubisco activation, we previously proposed that rubisco activation is catalyzed in vivo by a specific chloroplast protein, rubisco activase (15, 17, 19) . A chloroplast protein composed of 47 and 43 kD subunits, missing in stromal extracts from the rca mutant, was tentatively identified as activase (17) . In the present study, this activity was confirmed by following the activase through purification from spinach. In unfractionated Arabidopsis chloroplast extracts, the two activase subunits stained with equal intensity (17) . However, the smaller polypeptide appeared to be more abundant in the partially purified spinach preparation. This discrepancy was possibly due to a relatively greater susceptibility of the larger polypeptide to proteolysis. Degradation of the larger polypeptide was apparent in crude extracts prepared without proper precautions and may have contributed to the 64% loss of activity which occurred during purification. Furtheriliore, the two polypeptides appeared equally abundant when leaf extracts from several species were probed with activase antibody. Thus (27, 30) . Thus, the occurrence of activase in these two species would be anticipated if a major function of activase is to maintain rubisco in the activated state and prevent RuBP deactivation by catalyzing the activation of the tight binding enzyme-RuBP complex (8, 15) .
Several laboratories have reported the occurrence of an inhibitor of rubisco activity in the dark in leaves from numerous species (3, 11, 21, 22, !) . From work with tobacco (22) and with bean (21) this inhibitor, which is not ubiquitous (28) , was identified as a phosphorylated metabolite which-prevents catalysis by binding to the activated form of the enzyme. It has been suggested that this inhibitor maintains rubisco in an active state in the dark in order to prime the enzyme for catalysis in the light, when the inhibitor concentration decreases (21) . However, this mechanism does not explain how rubisco can be maintained in an activated form in the light once the inhibitor is metabolized. Thus, the presence of this dark inhibitor of rubisco in certain plant species does not obviate the need for activase and in fact three of the higher plant species examined in the present study (tobacco, kidney bean, and soybean) possess the inhibitor. The detection of activase activity in N. rustic protoplasts provided further evidence that the presence of the dark inhibitor in some plant species does not replace the requirement for activase.
The partial purification of rubisco activase confirms previous genetic studies linking the two missing polypeptides in the Arabidopsis rca mutant to rubisco activation (17) . The physiology ofthe mutant (19, 24) and the occurrence ofthis protein in other plants provides additional evidence that activation of rubisco in vivo requires a specific chloroplast protein in order to occur at physiological levels of CO2 and RuBP (15, 17 
